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We introduce a new coupling between stress tensors of the CFTs living on the two boundaries of
the BTZ black hole. Similar to the T T¯ -deformation, the system exhibits universal properties and
is solvable. The resulting geometry is an extreme case of a wormhole with the right and left BTZ
wedges glued together along the horizons. We show that the geometry is realized by uniform shock
waves emanating from both asymptotic boundaries. The construction has profound implications for
the structure of the Hilbert space of states of the dual QFT.
I. INTRODUCTION
In their seminal work [1] Gao, Jafferis and Wall have
shown that a wormhole can be opened by coupling the
two CFTs living on the two boundaries of the BTZ black
hole. With the interaction turned on only for a brief
moment, the coupling sends a shock wave through the
bulk, which opens a wormhole, [2–5].
While the GJW wormhole has been extensively stud-
ied, e.g., [6–12], a possible caveat is the use of perturba-
tive analysis. On numerous occasions it has been pointed
out, [11–16], that non-perturbative, non-semi-classical
corrections are crucial in the construction of wormholes.
The aim of this paper is to modify the GJW construc-
tion in order to present the full, non-perturbative analy-
sis of a 3-dimensional wormhole. By coupling the stress
tensors of the two boundary theories one constructs a
universal and completely solvable set-up. The deforma-
tion resembles the famous T T¯ -deformation, [17, 18], but
in our case it is a 2-sided deformation.
We will show how the 2-sided T T¯ -deformation changes
the topology of the manifold, leading to the opening of
an extreme case of a wormhole. The result is confirmed
by the construction of the geometry of uniform shocks: a
spacetime filled with shock waves emitted uniformly from
both boundaries. While the problem of multiple shocks
was tackled before, [3, 4, 9], the metric of uniform shocks
filling the spacetime was not constructed.
We show that – while all semi-classical observables re-
main identical to the BTZ observables – the structure
of the Hilbert space of states changes. The degrees of
freedom on both boundaries are not independent; they
are reduced by ‘half’ with respect to the BTZ black hole.
The situation is similar to the proposals of [19–27].
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FIG. 1. The Penrose diagram of the BTZ black hole. The two
dots represent the corresponding points with t = tL = tR.
II. TWO-SIDED T T¯ -DEFORMATION
A. Definition
We start with the eternal BTZ black hole, [28], whose
Schwarzschild metric in the left and right wedges is
ds2 = −(ρ2I − ρ2h)dt2I +
l2dρ2I
ρ2I − ρ2h
+ ρ2Idφ
2
I , (1)
where I = L,R, l denotes the AdS length, ρh – the
Schwarzschild radius, tL,R ∈ R and φL,R are the coor-
dinates on a circle of radius 1. The Penrose diagram is
presented in Figure 1.
Motivated by [1], we want to couple the QFTs living on
the two asymptotic boundaries by coupling their stress
tensors, TLµν and T
R
µν . First, we must decide at which
points the two operators are evaluated. To make things
simple, with time flowing in ‘opposite’ directions in the
two wedges, we identify t = tR = tL and φ = φR = φL,
as shown in Figure 1.
In [1] the two boundary operators were scalars. Here
we have the additional issue of how to contract the indices
of the two stress tensors. Since turning on the source
will generically break Lorentz invariance, we can follow
the case of non-Lorentz-invariant T T¯ -deformation in [29]
and define the interaction
Sint =
∑
µνρσ
λµνρσ
∫
dtdφTLµν(t, φ)T
R
ρσ(t, φ) (2)
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2for a set of couplings λµνρσ. We will simplify the discus-
sion by considering only four non-vanishing couplings,
Sint =
∫
dtdφ
[
λttttT
L
ttT
R
tt + λφφφφT
L
φφT
R
φφ
+ 4λtφtφT
L
tφT
R
tφ + λttφφ(T
L
ttT
R
φφ + T
L
φφT
R
tt )
]
. (3)
A special case corresponds to TLµνT
µνR, which we define
using the Minkowski metric to raise and lower all indices,
TLµνT
µνR = TLttT
R
tt + T
L
φφT
R
φφ − 2TLtφTRtφ. (4)
A particularly interesting case corresponds to the T T¯ -
like deformation. In the standard prescription, [17, 18],
the T T¯ operator equals TzzTz¯z¯ − T 2zz¯ in the Euclidean
setting. We can define its 2-sided generalization as a
‘symmetrization’ of the T T¯ operator over the two sides.
In Lorentzian signature one finds T (LT¯R) = 18T
L
µνT
µνR,
the simple coupling in (4).
From the point of view of the QFTs, the deformation
is difficult to define. For this reason, we turn to the
holographic definition. The idea is that from the point
of view of the theory living on the left boundary the
interaction term (2) introduces a source for the stress
tensor proportional to the right stress tensor. We look
for a global bulk metric, which near the left and right
boundaries admits the Fefferman-Graham expansion,
ds2 =
1
z2I
[
l2dz2I +
(
γIµν(0) +O(z
2
I )
)
dxµdxν
]
, (5)
with x = t, φ. γL,Rµν(0) are identified as left and right
boundary metrics, while γL,Rµν(2) determine the expecta-
tion value of the stress tensor, [30],
〈TL,Rµν 〉s =
1
8piGN l
(
γL,Rµν(2) − γL,Rµν(0)
l2
2
RL,R(0)
)
, (6)
where RL,R(0) is the Ricci scalar of γ
L,R
µν(0). We define the
theory deformed by (2) as the theory satisfying the fol-
lowing constraints,
γLµν(0) − ηµν =
∑
ρσ
λµνρσ〈TRρσ〉s, (7)
γRµν(0) − ηµν =
∑
ρσ
λρσµν〈TLρσ〉s. (8)
We supplement this system of equations with the initial
condition w.r.t. the couplings: when all couplings vanish,
the bulk metric should converge to the BTZ metric in the
left and right wedges.
Note that from the point of view of a single boundary
the interaction (2) behaves like a single trace rather than
a double trace deformation. If we dropped the assump-
tion of a single global metric, the system of equations (7,
8) would emerge from a 1-sided deformation by a product
of two operators. Such a system was analyzed in [31, 32]
in the context of scalar operators.
B. The solution
To find the deformed geometry we consider the BTZ
metric in the Fefferman-Graham coordinates (A1) with
the Lorentzian and Euclidean tensors ηµν and δµν re-
placed,
ds2 =
l2dz2I
z2I
+
[(
1
z2I
+
z2I
z4h
)
η˜Iµν +
2
z2h
δ˜Iµν
]
dxµdxν (9)
where
η˜Iµν =
( −AI 0
0 BI
)
, δ˜Iµν =
(
AI 0
0 BI
)
(10)
and I = L,R. The constants AL,R and BL,R depend
on the couplings in (3) and the symmetry requires A =
AL = AR and B = BL = BR. Furthermore, when all
couplings vanish, we should recover the BTZ geometry,
which means A = 1 + O(λµνρσ) and B = 1 + O(λµνρσ).
The ansatz (9) satisfies Einstein equations and, with the
flat boundary, the system (7, 8) simplifies to a pair of
algebraic equations. The solution reads
A =
1− ρ¯2h(λφφφφ + λttφφ)
1 + ρ¯2h(λtttt − λφφφφ) + ρ¯4h(λ2ttφφ − λttttλφφφφ)
,
(11)
B =
1 + ρ¯2h(λtttt + λttφφ)
1 + ρ¯2h(λtttt − λφφφφ) + ρ¯4h(λ2ttφφ − λttttλφφφφ)
,
(12)
where ρ¯2h = ρ
2
h/(16piGN l). Notice that as with the stan-
dard T T¯ -deformation, [17, 18, 33], the solution becomes
singular for some special values of the couplings.
The boundary metric, η˜µν , is not related by a sym-
metry (Lorentz or rescaling) to the Minkowski metric.
This suggests a possibility of a superluminal propaga-
tion, [13, 33], with the new speed of light c =
√
A/B.
From the bulk point of view the deformed geometry
(9) in the Schwarzschild coordinates reads
ds2 = −A(ρ2I − ρ2h)dt2 +
l2dρ2I
ρ2I − ρ2h
+Bρ2Idφ
2. (13)
With arbitrary γ > 0, the substitution
t′ = γ
√
At, φ′ = γ
√
Bφ, ρ′L,R = γ
−1ρL,R, (14)
brings the deformed metric into the BTZ metric, with the
new Schwarzschild radius ρ′h = γ
−1ρh. Following the rea-
soning of [33–36] one would conclude that the deformed
geometry is that of another BTZ black hole and therefore
nothing has happened. This is incorrect, at least for the
2-sided deformation, as we will discuss next.
III. THE WORMHOLE
A. A problem and a resolution
The critical issue with the transformation (14) is that
it does not extend to the entire manifold. To be specific,
3UV
=
U ′V ′
FIG. 2. Geometry of the wormhole. Left: in the metric
(17) all geodesics pass through (0, 0). Right: by using (15,
16) this corresponds to the identifications along the horizons:
(U ′, 0) ∼ (−U ′, 0) and (0, V ′) ∼ (0,−V ′).
in the Kruskal coordinates, the transformation (14) takes
form
|U ′| = |U | 12 (1+
√
A)|V | 12 (1−
√
A), (15)
|V ′| = |U | 12 (1−
√
A)|V | 12 (1+
√
A), (16)
where the signs of U ′ and V ′ are the same as the signs of
U and V in the respective wedges. The transformation is
valid in all open wedges, but cannot be extended to the
entire spacetime. For A < 1 the transformation maps the
whole variety UV = 0 to the single point U ′ = V ′ = 0,
while for A > 1 it blows up at U = V = 0. Note that this
would not have been a problem if the compactification of
the wedges had not already been fixed.
What we propose is that the deformation (3) altered
the topology of the spacetime beyond the horizons. In
the left and right wedges the deformed geometry is that
of the BTZ black hole in the primed coordinates (14), but
the relation between the two wedges has changed. As we
will argue in the remainder of this section, for A < 1,
the wormhole has been opened and the two wedges are
glued together along the U ′ = 0 and V ′ = 0 horizons.
The null line of constant U ′ in the right wedge is glued
to the null line of −U ′ in the left wedge. Analogously, the
lines of constant V ′ and −V ′ are glued together. The re-
sulting geometry is presented in Figure 2. The geometry
exhibits closed timelike loops and thus it can be regarded
as an extreme case of a wormhole, where every null ray
emitted from one boundary hits the opposite boundary.
Note that such a severe alteration of the deep IR is con-
sistent with all our assumptions in Section II A, since the
conditions (7, 8) are only well-defined in their respec-
tive wedges. Similar causal structure was discovered in
[13, 37, 38] in the Einstein-Maxwell theory with higher
derivative corrections. The proposal resembles that of
the antipodal identification [19–26], although we identify
points along the horizons only.
In the following sections we will provide the support
for the construction in Figure 2 by analyzing its geodesic
structure and showing that the geometry emerges from
multiple shock waves.
B. Geodesics
In Kruskal coordinates the deformed geometry (13) be-
comes
ds2 = ds2BTZ +
∆A l2
(1 + UV )2
[
2dUdV − V
U
dU2 − U
V
dV 2
]
+ ∆B ρ2h
(1− UV )2
(1 + UV )2
dφ2, (17)
where ds2BTZ is the original BTZ metric (A3), while A =
1 − ∆A and B = 1 + ∆B. As expected, the metric
becomes singular at UV = 0. Notice that this prevents
us from following [1] and using the ANEC criterion, [39],
as a test for a wormhole. It also casts doubt on the
applicability of the perturbative analysis there.
The geodesics can be obtained simply by substituting
the transformations (15, 16) to the geodesic equation for
the BTZ black hole, (A4). It is easy to see that for ∆A <
0 all geodesics pass through U = V = 0, while for ∆A > 0
they all diverge to U →∞ when V → 0. Therefore, apart
from U = V = 0, the variety UV = 0 cannot be probed,
which suggests that the geodesics may continue directly
from one wedge to another, as shown in Figure 2. The
situation is similar to the wormhole constructed in [40].
Examples of various geodesics are plotted in Figure 3.
C. Uniform shock waves
The coupling of the boundary theories for a short pe-
riod of time introduces a shock wave into the bulk and
a wormhole can form, [2–5]. The resulting geometry has
been studied extensively, [41–43], and is characterized by
a non-vanishing UU (or V V ) component of the metric
localized on the shock wave. This results in a sudden
kick when a particle crosses the shock wave. In the BTZ
background the shift in the null coordinate equals,
dU = Ee
tρh
l δ(V )dV, (18)
where t denotes the boundary time of the shock wave
emission.
We want to derive the geometry of uniform shocks,
where the shock waves are emitted from both boundaries
with uniform energy. To this end we use (18) as the defin-
ing property, which must be satisfied by null geodesics.
To smear it uniformly in time, we use the fact that near
the boundary δ(V ) ∼ lρh etρh/lδ(t) and thus
dU =
El
ρh
e
2tρh
l dV =
El
ρh
(
−U
V
)
dV, (19)
where we used (A2). Alternatively, the extra factor of
etρh/l can be explained as in [3]: it is the relative energy
of two shock waves separated by V .
It is easy to check that the null geodesic obtained by
equating (15) to a constant satisfies (19), while the sym-
metric geodesic obtained from (16) satisfies the symmet-
ric version of (19) with the same value of E, with U and
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FIG. 3. Examples of zero-angular momentum geodesics in the deformed geometry (17). Null geodesics are in blue, timelike in
red, and spacelike in green. Left and center: geodesics in the wormhole geometry, A < 1: note that all geodesics pass through
U = V = 0. Right: geodesics in the geometry with A > 1: the geodesics are repelled from UV = 0.
V exchanged. This proves that the deformed geometry
(17) is the geometry of uniform shocks. Furthermore, it
shows that both wedges contain shock waves traveling in
both left and right directions. Since the shocks must em-
anate from the boundaries, the right-moving shock waves
in the right wedge can only originate from the left bound-
ary (and vice versa). This supports the global structure
presented in Figure 2.
D. Hilbert space structure
Here we describe how the Hilbert space structure of
the boundary theory has been altered. Consider a scalar
field quantized on the background in Figure 2. All
semi-classical observables, which do not depend on non-
perturbative, beyond-the-horizon effects, must be identi-
cal to the BTZ case, including the the fact that the vac-
uum is the thermofield double state, [44]. (The fact that
the vacuum state of the wormhole must be very similar
to the thermofield double was argued in [14, 45].) What
changes is the structure of the Hilbert space itself. While
in the case of the BTZ black hole the Hilbert space is the
tensor product H = HL ⊗ HR of the Hilbert spaces of
the left and right QFTs, this is no longer true for the
wormhole. The subsequent analysis should take place in
the primed coordinates, but for notational simplicity, we
will drop all primes.
To carry out the canonical quantization in the worm-
hole background one solves the Klein-Gordon equation.
In Schwarzschild coordinates one finds two mode func-
tions, fωk(ρI), I = L,R. Normalizable modes exhibit the
specific fall-off at the boundary, fωk(ρI) ∼ ρ−∆I , where
∆ > 1 satisfies m2l2 = ∆(∆ − 2). See Appendix A for
details.
If one starts with the mode fωk(ρR) in the right wedge,
its continuation to the left wedge can be obtained from
the expression (A6). Since the future-directed geodesic in
the right wedge becomes past-directed in the left wedge,
as seen in Figure 2, positive frequency modes in one
wedge continue to negative frequency modes in the other
wedge. This leads to
fωk(ρL) = e
βω
2 f˜∗ω,−k(ρL), (20)
where tilde denotes the analytic continuation of the mode
from the right wedge to the left and β = 2pil/ρh. This
implies the operator relation between the left and right
creation-annihilation operators,
aLω,−k = e
− βω2 aR†ω,k, a
R
ω,−k = e
− βω2 aL†ω,k. (21)
The excitations on both boundaries are not independent.
The Hilbert space H of the dual theory is not the tensor
product. Instead, it is isomorphic to the Hilbert space of
a single side. The isomorphism, however, does not pre-
serve the Fock space structure. Indeed, it is impossible
to uphold both aLω,k|0〉 = 0 and aRω,k|0〉 = 0 in H.
Instead, H can be constructed as a subspace of the ten-
sor product HL ⊗HR. States in H are defined as those
that satisfy relations (21). These are precisely the rela-
tions satisfied by mirror operators in the Papadodimas-
Raju proposal of state-dependence, [46–49]. In particu-
lar, the thermofield double satisfies these relations.
IV. SUMMARY
In the paper we have shown how the 2-sided T T¯ -like
deformation of the BTZ black hole accounts for the open-
ing of a wormhole. The global geometry, presented in
Figure 2, is that of uniform shocks: a geometry obtained
from the emission of shock waves uniformly from both
boundaries. From the point of view of the boundary
theory the BTZ geometry and the wormhole geometry
differ by non-perturbative, beyond-the-horizon, invisible
to semi-classical physics, effects. This results in the se-
vere change in topology as well as in the structure of the
Hilbert space of states.
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Appendix A: BTZ geometry
The Schwarzschild form of the BTZ metric is given in
(1). It can be brought to the Fefferman-Graham form,
ds2 =
l2dz2I
z2I
+
[(
1
z2I
+
z2I
z4h
)
ηµν +
2
z2h
δµν
]
dxµI dx
ν
I
(A1)
where I = L,R, zh = 2/ρh, xI = tI , φI and the conformal
boundaries are located at zI = 0.
The Kruskal coordinates are defined by the following
substitutions
exp
(
2ρhtI
l
)
= −U
V
,
ρI
ρh
=
1− UV
1 + UV
(A2)
and the metric becomes
ds2 =
4l2
(1 + UV )2
[
−dUdV + ρ
2
h
4l2
(1− UV )2dφ2
]
.
(A3)
The right wedge corresponds to U > 0 and V < 0 and its
future horizon is located at V = 0. The left wedge corre-
sponds to U < 0 and V > 0. The conformal boundaries
are at UV = −1, while the singularities at UV = 1. The
Penrose diagram is presented in Figure 1.
In Kruskal coordinates zero-angular momentum
geodesics satisfy
(C − U)(1 + CV ) = κV, (A4)
where C and κ are integration constants. The sign of κ
determines the type of the geodesic: κ < 0 is timelike,
κ > 0 spacelike, and κ = 0 is null.
The solution to the Klein-Gordon equation ( −
m2)Φ = 0 in the BTZ background in the Schwarzschild
coordinates (1) reads
Φ
(±)
ωk (t, ρ, φ) =
c
(±)
ωk√
2ω
e−iωt+ikφ
(
ρ2
ρ2h
)a(
ρ2h
ρ2 − ρ2h
)a+ ∆±2
×
× 2F1
(
∆±
2
+ a− b, ∆±
2
+ a+ b; ∆±;
ρ2h
ρ2h − ρ2
)
,
(A5)
where we dropped the L,R indices, a = ikl2ρh and b =
iωl
2ρh
while ∆± are two roots of the equation m2l2 = ∆(∆−2).
Solutions Φ
(±)
ωk behave like ρ
−∆± as ρ → ∞ while near
the horizons in the right wedge,
Φ
(±)
ωk ∼
1√
2ω
[
U−2bβ(±)ωk + (−V )2bβ(±)∗ω,−k
]
, (A6)
where β
(±)
ωk satisfy β
(±)
ω,−k = β
(±)
ωk and β
(±)∗
ωk = β
(±)
−ω,k. Ex-
act expressions for the constants c
(±)
ωk , β
(±)
ωk and further
details can be found in [50].
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